Abstract Solar thermal cooling is the best alternative solution to overcome the problems associated with using nonrenewable resources. There are several thermal cooling methods developed differing from each other according to the thermodynamic cycle and type of refrigerant used. Recent developments in absorption and adsorption solar cooling systems are presented. Summarized thermodynamic modeling for both absorption and adsorption solar cooling systems is given. Brief thermal analysis among the types of solar collectors is presented. System efficiencies and optimization analysis are presented. The influences of geometrical, system configurations, and physical parameters on the performance of solar thermal sorption cooling system are investigated. The basis for the design of absorption and adsorption solar cooling systems is provided. Several case studies in different climatic conditions are presented. Economic feasibility for both systems is discussed. Comparison between the absorption and adsorption solar cooling system is summarized.
Introduction
It is now well known that the nonrenewable sources in the world are finite and they ultimately will be consumed. [1] [2] [3] [4] Up to date, 80% of electricity is generated by fossil fuels. 1 Demands on refrigeration and air conditioning have witnessed significant increase recently. Due to environmental awareness and technological advancement, improved standard living, and high oil price, the world is forced to utilize renewable energy sources to meet its growing demand.
Solar cooling can be divided into two main categories: passive and active solar cooling. In passive solar cooling method, the building is protected against heat by blocking sun radiation. The active solar cooling is classified into two categories: using traditional air conditioning system powered by photovoltaic (PV) panels and thermal cooling method. Absorption, adsorption, and desiccant are the main thermal cooling systems.
The main advantage of these technologies is the ability to work with environmental-friendly refrigerants and at low temperature. [5] [6] [7] This article aims to provide literature review about recent trends in solar sorption cooling system technology. Detailed description of these technology combined with solar collector will be presented. A number of solar thermal cooling configurations, development, and designs, including the cost and feasibility, are provided and discussed. The results of several case studies located in several locations in the world are presented.
Solar thermal cooling methods
Recently, solar thermal cooling has received significant attention by many researchers. Research has focused on developing methods to meet cooling demand with high efficiency and low cost. There are several types of solar cooling systems found in the literature. Anyanwu 8 and Henning 9 presented classification for solar cooling methodologies summarized in Figure 1 . Detailed discussion about absorption and adsorption cooling technologies which used closed cooling cycle will be presented in the next sections. The review will discuss the main cooling mechanism, performance, and economic feasibility. The performance of several prototypes built in several locations in the world is provided. Figure 2 shows the basic configuration of solar thermal sorption cooling systems. In the adsorption system, the adsorber is used instead of the absorber. Solar thermal cooling system consists mainly of solar collector, storage tank, condenser, evaporator, heat exchanger, expansion valve, and the refrigeration chamber. The refrigeration chamber in the absorption system is an absorber and in the adsorption system is an adsorber.
Solar thermal sorption cooling system technology

Solar thermal technology (solar collector)
Solar cooling utilizes incoming solar radiation to provide a useful cooling effect. Solar cooling is a promising technology because solar radiation is in phase with the demand for cooling. The high solar radiation during summer leads to an increase in the cooling load while cooling system provides greater cooling effect due to high levels of solar radiation.
The solar collector is a special kind of heat exchanger that converts the solar radiation into useful thermal energy. In the solar thermal applications, the solar radiation is absorbed and transferred to the heat transfer fluid. The efficiency of solar thermal cooling system depends on the choice of solar thermal collector. Collector efficiency is defined as the ratio between the absorbed energy and the solar irradiation. 10 Convection and conduction are the two main modes of heat transfer in solar collector. 11 The main three types of solar collectors that are frequently used in thermal cooling technology are given below.
Flat-plate collector. Flat-plate collector (FPC) is a nonconcentrating solar collector having simple operation mechanism. The FP solar collector consists of glazing covers, insulation layers, absorber plates, recuperating tubes, and other auxiliaries. Simple operation mechanism is the main characteristics of FPC. Large amount of solar radiation that passes through glass is absorbed by the absorber plate and transferred to the water circulating inside the tubes. The insulation in the solar collector reduces the heat losses. 12 Flat panel collectors typically have low efficiencies due to their limited water temperature outlet.
Evacuated tube collector. Evacuated tube collectors are a non-concentrating solar collector, permanently fixed in position. These types of solar collectors have different mechanisms because it is designed in the form of heat pipe inside a vacuum-sealed tube. 13 Evacuated tube collectors have much higher efficiencies, but relatively low absorber areas. Evacuating the space between the absorber tube and the cover leads to higher efficiency due to reduction in the heat loss through convection and conduction. Hence, evacuated tube collectors can achieve high performance at high temperature due to the combination of a selective surface and preventing convection losses. They collect both direct and diffuse radiation. Their efficiency is higher at low incident angles. This characteristic gives evacuated tube collector advantages over FPC in terms of day-long performance. The evacuated tube collectors can easily achieve temperature ranges between 70°C and 120°C. A new special class of flat panel collectors is being developed for solar cooling applications. This collector can provide higher temperature than the existing conventional FPC. These collectors have additional insulation and are double glazed, which improves efficiency at the required temperatures. These collectors are expected to be more cost-effective than evacuated tube collectors for solar cooling application.
Concentrating collectors. Concentrating collectors have much higher concentration ratio than the other types. They require sun tracking technology. Different types of concentrating collectors have been developed, that is, Heliostat field collectors, parabolic dish collectors, and parabolic trough collectors (PTCs). Reducing convective and radiative heat losses by using glass and evacuated space between glass and absorber pipe increases the collector efficiency.
Efficient absorption chillers nominally require water of at least 88°C. Flat-plate solar thermal collectors can only produce about 71°C of water temperature. Hightemperature flat plate, concentrating, or evacuated tube collectors are needed to produce the required hightemperature water. The performance data presented in Table 1 are indicative and partially based on commercial information. Compared to traditional solar cooling technologies, parabolic trough concentrators can increase the solar cooling efficiency by 40%. As can been seen in Figure 3 , using high-temperature solar collectors leads to a significant increase in coefficient of performance (COP) of the absorption chillers cooling system. 14 
Thermal analysis of solar thermal sorption cooling system
Below are the main equations and steps for designing solar thermal sorption cooling system to meet the cooling demand. 
The performance of a solar collector is described by an energy balance that indicates the conversion of incident solar energy into useful energy gain, thermal losses, and optical losses. Solar collector efficiency is given by
FPC. The useful energy may also be expressed in terms of the energy gained by the absorber and the energy lost from the absorber as
The heat removal factor F R is defined to relate the actual useful energy gain with fluid inlet temperature T fi given as 15 
F R
where S is the solar energy absorbed and _ m is the mass flow rate inside the collector (kg/s). The useful energy may also be expressed in terms of the energy gained by the absorber and the energy lost from the absorber as
where U t is the top heat loss coefficient, U b is the bottom heat loss coefficient, and U s is the side heat loss coefficient. Their definitions are given in Duffie and Beckman. 15 Detailed presentation about the thermal performance calculations of FPC can be found in Duffie and Beckman. 15 Evacuated tube collector. The useful energy gained can be evaluated by knowing the inlet and outlet fluid temperatures T i and T f and the mass flow rate of water _ m and given as
The useful energy may also be expressed in terms of the energy gained by the absorber and the energy lost from the absorber as
The heat loss coefficient of the absorber tube is usually calculated based on the following correlation
where _ m is the mass flow rate of water inside the tube (kg/s); C p is the specific heat of water (J/kg K); T i and T f are the inlet and outlet water temperatures, respectively, inside the tube; A a is the surface area of the absorber; and (T m 2 T a ) av is the average difference between the mean water temperature and the ambient temperature over some period of time. Budihardjo et al. 16 showed that heat loss coefficient varies with tube quality. For good quality tubes, the heat loss coefficient varies from 0.5 W/m 2 K (at T m 2 T a = 25°C) to 0.65 W/ m 2 K (at T m 2 T a = 65°C). For lower quality tubes, the coefficient varies from 0.7 to 0.9 W/m 2 K for the same temperature range. 16 PTC. Typically, the practical concentrating ratio for PTC systems is below 10 defined as 15 
CR
where W is the aperture width (m) and d R is the receiver diameter. The solar radiation absorbed by the receiver S is given as 15
where r b is the tilt factor; I b is the beam radiation (W/m 2 ); r is the specular reflectivity of the concentrator surface; g is the intercept factor, the fraction of the specularly reflected radiation intercepted by the absorber tube; and (ta) b is the average value of the transmissivity-absorptivity product for beam radiation. The overall heat loss coefficient U L can be calculated as
where d oa is the outer diameter of absorber tube (m), T pm is the mean temperature of absorber tube (m), T a (K) is the ambient temperature, and q L =L is obtained by solving the two equations below
where h p-c is the convective heat transfer coefficient between the absorber tube and the glass cover and h w is the heat transfer coefficient on the outside surface of the cover. The heat removal factor F#, can be calculated as
where h f is the fluid heat transfer coefficient in the absorption tube
To achieve higher efficiency, PTC requires sun tracking. The most widely used tracking modes for PTC can be summarized as follows: 15 Mode I: the collector is rotated about a horizontal E-W focal axis and adjusted once every day. Mode II: the collector is rotated about a horizontal focal E-W axis and adjusted continuously. Mode III: the collector is rotated about a horizontal focal N-S axis and adjusted continuously. Mode IV: the focal axis is north-south and inclined at a fixed angle equal to the latitude. The collector is rotated about an axis parallel to the earth's axis with an angular velocity equal and opposite to the earth's rate rotation (15°h
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). Mode V: the collector is rotated continuously about the focal axis which is inclined and oriented to north-south. Also, it rotates about perpendicular axis to this axis.
Storage tank. The temperature for outlet water from the storage tank is given by 17 T
The thermal capacity of the thermal storage is
Generator. Generator heat transfer is given by
Evaporator. The heat transfer through evaporator is
Chillers. 18, [20] [21] [22] Absorption system is the dominant solar thermal system due to its high COP which ranges between 0.5 and 0.8 especially with temperature above 80°C. 23, 24 However, the COP is still low compared to conventional cooling system which can reach 3.0. The annual performance of absorption system depends on solar collector performance, cooling load scheduling, and absorption chiller dimensions. 25 The fact that absorption cooling systems can operate at relatively low temperature makes them appropriate for solar energy application. Also, absorption cooling system does not require vibration parts which lead to low noise. 18 The main disadvantage of this system is that the absorption chiller has narrow operating temperature to function properly. 26 
System mechanism
Absorption chiller mechanism depends on the amount of external heat supply and the internal heat and mass exchange rates between water and LiBr. The operation cycle of the solar absorption system can be summarized as follows: 23 Water receives heat by solar collector and is pumped to storage tank and then to the absorption generator to heat the LiBr-H 2 O. When the LiBr-H 2 O is heated, the water (refrigerant) vaporizes and separates from the solution to become superheated. The superheated vapor is condensed in the condenser by rejecting heat to the cooling water. The resulting liquid from condensation process flows to the evaporator through expansion valve to produce a cooling effect by evaporating the refrigerant. The high concentration solution in the absorber (coming from generator) absorbs the evaporated refrigerant and rejects its heat to cooling water. At the end of operation cycle, the low concentration solution is pumped through the heat exchanger to the generator, to preheat this solution.
An external heating unit is sometimes used to power the absorption chiller when solar energy is insufficient (low solar radiation level). Low solar radiation may arise due to the system operational time of day and the meteorological conditions. [26] [27] [28] Usually, solar cooling system is designed to provide heating during winter; such systems are called double-effect solar thermal cooling system. Several solar cooling systems have been built in several regions. 20, [29] [30] [31] [32] Absorption chiller type for solar-driven air conditioning
The absorption cooling cycle can be modeled in different configurations, that is, the single-effect absorption system, the double-effect absorption system, tripleeffect absorption system, and the GAX absorption chiller
The single-effect absorption system consists of a generator, condenser, evaporator, absorber, heat exchanger, pump, and two valves, as can be seen in Figure 2 (a). The cycle has two circuits: the refrigerant circuit from generator to absorber and LiBr-water solution circuit from the absorber to generator through the heat exchanger. The single-effect absorption chiller has a simple configuration and requires fewer components in comparison to the other systems. The pressure-temperature diagram of single-effect absorption cycle is shown in Figure 4 . This system can be used for air conditioning and freezing at moderate generation temperatures between 80°C and 110°C while obtaining evaporator temperatures between 230°C and 220°C with COPs around 0.60. 32 Llamas-Guille´n et al. 33 used evacuated tube solar collector to drive the one-stage ammonia-lithium nitrate air-cooled chiller. The system was successfully operated at ambient temperatures between 25°C and 35°C and produced chilled water at evaporator temperatures below 10°C. Lizarte et al. 34, 35 designed single-effect LiBr-water absorption chiller driven by a solar energy using vacuum flat-plate solar collectors. The model is described as a direct aircooled absorber-condenser. The design aimed to cool air for a 40-m 2 room located in Madrid, Spain. They compared the performance of the indirectly air-cooled single-effect LiBr-water absorption chiller and the directly air-cooled absorption chiller. Both their chiller systems are designed for residential application.
The dynamic analysis of a single-effect LiBr-H 2 O absorption chiller was studied by Iranmanesh and Mehrabian. 36 They studied the effect of all thermal masses on various parameters of the absorption chiller. Dynamic model of a small single-effect absorption chiller was developed by Kohlenbach and Ziegler. 37, 38 The model is based on the external and internal steady-state enthalpy balances for all system components. They conducted sensitivity analysis based on the variation in model parameters.
Double-effect or double-stage thermo-cycle of LiBr-H 2 O system is shown in Figure 5 . It consists of highpressure and the low-pressure stage. Each stage consists of absorber, generator, and heat exchanger. Condensed vapor circulates in high-pressure stage and is transferred to the evaporator in the low-pressure stage. Double-effect cycle is developed to avoid the disadvantages of single-effect chiller and to exploit a low driving temperature in cooling system. This system offers the ability to work under variable solar energy and low levels of solar radiation. Furthermore, reducing the irreversibility of heat transfer can lead to higher COP which could reach twice that of single effect. In general, the double-effect system has a higher performance value and lower cost than the single-effect system.
26,39-
41 Double-effect system is able to operate at high condensation temperature T c which can reach up to 53°C and generation temperature T g of 80°C to achieve COP of 0.38. On the other hand, single-effect cannot operate at T c higher than 40°C-45°C. 39 Du et al. 42 developed air-cooled two-stage NH 3 -H 2 O system. A 2-kW cooling capacity system was built to investigate the system performance and its feasibility. When the prototype is driven by temperature equal to 85°C of hot water and ambient air temperature of 29°C with evaporating temperature of 8°C, the thermal COP and electric efficacy reach 0.21 and 5.1, respectively. To achieve optimum length of absorption cycle, the lowpressure absorber should be placed a head of doublestage system, while the middle-or high-pressure absorber should be placed at the end. The reason behind this arrangement is that the heat loads of middle-pressure absorber are lower than that of the low-pressure absorber and the efficiency of liquid-interface mass transfer in the middle pressure is higher than that of the lowpressure absorber. 43 The triple-effect absorption cycle systems are more similar to the single-effect than to that of the doubleeffect systems. However, the system consists of additional generator, condenser-generator, and heat exchanger. In the triple-effect systems, the refrigerant is produced in three different stages. The triple-effect systems are the most complex compared with the previous systems. Highest COP can be achieved with triple-effect systems with generator temperatures above 150°C. 14, 44 Using triple-stage absorption cycle is also investigated by Grossman 41 and found to have higher efficiency which is unfortunately accompanied by higher initial cost. The generator-absorber heat exchange GAX absorption cycle shown in Figure 6 has attracted many researchers recently. The solid line represents the GAX cycle and the dotted line represents the single-effect cycle. Higher COP of the GAX cycle can be achieved due to the existence of temperature overlap. This overlap occurs between the absorber and the generator as a result of maintaining the pressure and concentration in the absorber and generator. The GAX cycle can be used with ammonia-water and cannot be used with lithium bromide-water absorption cooling system. Jawahar and Saravanan 45 presented a comprehensive review of several different GAX cycle configurations and their performance. Their study showed that an improvement in the COP of about 10%-20%, 20%-30%, and 30%-40% in absorber heat recovery cycle, simple GAX, and branched GAX cycle, respectively, than that of a conventional single-effect system for the same set of operating conditions. Yari et al. 46 performed energy and exergy analyses of ammonia-water GAX absorption cycles. They conducted parametric analysis using EES software to investigate the effect of design parameters in the system components. Vela´zquez and Best 47 performed thermodynamic analysis for air-cooled GAX system. The system was driven by solar energy and hybrid natural gas. For ambient air up to 40°C with a relative humidity (RH) of 24% as cooling source, the COP of cooling and COP of heating and the heat recovery were found to be 0.86, 1.86, and 16.9 kW, respectively. Zheng et al. 48 simulated GAX cycle and singlestage ammonia absorption system. They used the concept of exergy coupling to study the cycles. The absorption cycle was divided into the heat engine and heat pump subcycles for thermodynamic analysis. The results of the study showed that the exergy demand of the heat pump subcycle in the GAX cycle and the exergy demand of the single-stage cycle was the same.
The ranges of generator temperature requirements using single effect or double effect are different. The generation temperatures from 110°C to 140°C are too high for a single-effect chiller and not enough to drive a double-effect LiBr-water absorption chiller. For this reason, the absorber generator heat exchanger AGX was added to the LiBr-water absorption chiller in the study conducted by Xu et al. 49 The new cycle containing AGX is able to work under generation temperatures between 85°C and 150°C with 40°C condensation temperature, 5°C of evaporation temperature, and 35°C of absorption temperature. The COP for the AGX cycle with generation temperatures of 93°C-140°C ranges between 0.75 and 1.08. Xu and Wang 50 studied experimentally the AGX cycle using LiBrwater. Their experimental results show that the COP of the AGX absorption chiller ranges between 0.69 and 1.08 under generation temperature between 95°C and 120°C. Figure 4 shows the absorption cycle pressure-temperature. Thermodynamic model of the cycle is developed under the assumptions of steady-state conditions, heat losses and pressure drops in the tubes components are negligible, adiabatic expansion valves, isentropic pump, solution leaves the absorber and generator are saturated, refrigerant at the evaporator and condenser outlets are saturated. 23 The thermodynamic modeling of the thermophysical processes occurring in various parts in the refrigeration unit can be summarized as follows:
Thermodynamic modeling
Evaporator and condenser The temperature variations in both heating and cooling fluids on the evaporator and condenser are determined by multi-variable polynomials obtained by the differential equations of heat transfer. 51 The total heat transfer rate through the condenser surface area is given by
The total heat transfer rate through the evaporator surface area is given as
Absorption chillers
The absorption chiller consists of desorber and absorber; the heat and mass transfer through the absorption chillers is governed by 
The energy balance for the falling-film absorber is modeled under the assumptions of isobaric condition in the evaporator, refrigerant heat exchanger, air-cooled absorber, and solution-cooled absorber. The evaporator pressure drop resulted in lowering absorber pressure which results in reduced absorption process efficiency; GAX absorber type was adopted in modeling by 52 dQ abs dT abs = À m vapCp (P abs , T vap , y vap ) dTvap dT abs Àm solCp (p abs , T abs , x sol )
An external heating unit sometimes is used to power the absorption chiller when solar energy is insufficient (low solar radiation level). Low solar radiation may arise due to the system operational time of day and the meteorological conditions. [53] [54] [55] [56] Usually, solar cooling system is designed to provide heating during winter; such systems are called double-effect solar thermal cooling system. Several solar cooling systems have been built in different regions. 20, [29] [30] [31] [32] System efficiency Solar absorption systems are considered more reliable, quiet, and feasible than the adsorption system. The high initial cost and low efficiency prohibit their commercial spread. These facts motivate large number of studies aimed to overcome these drawbacks. The system efficiency has improved by using high-temperature solar receiver, double-effect chiller, advanced control, and improved chiller efficiency. 53 Hang et al. 30, 54 investigated the system performance by using linear regression model and central composite design. Their analyses showed that the economic performance is inversely proportional to the thermal system performance. 54 Atmaca and Yigit 17 investigated the effect of several parameters (inlet generator temperature, surface area of absorber and heat exchanger, volume of storage tank) on system performance. They found that COP increases with increasing generator inlet temperature and increasing surface area of both absorber and heat exchanger. The optimal temperature for highest COP corresponds to 80°C. Also, increasing thermal storage tank volume leads to higher daily cooling production. 22 System performance increases with increasing water storage tank temperature. Utilizing water storage tank allows continuous operation and increased system reliability. 55 Storage tank usually requires flow control. 56 Design of storage tank and thermal stratification plays an important role in the system efficiency. Stratified storage tank achieves higher heat output and higher COP than the conventional fully mixed storage tank that can be obtained by using multi-node inside the tank with variable inlet temperature. 57, 58 Because LiBr-H 2 O absorption chiller can operate at high temperature reaching boiling temperature, the volume of the storage tank must be designed properly to prevent energy loses by maintaining the temperature close to the chiller operating temperature.
Outdoor temperature has significant effect on the COP of the chiller, especially when the dry cooling tower is used to evacuate the absorption heat. To remove this negative effect on chiller COP, Palacin et al. used open geothermal cycle as a heat rejection tank. 59 Eicker et al. 60 made comparison study between geothermal, wet, and dry geothermal heat rejection tank and found that the electrical COP is between 4 and 8 when using dry heat rejection.
Due to the several external irreversibities such as heat conduction, mass transfer, friction, eddy, and others, the performance cannot reach high values. Also, internal irreversibility such as heat engine cycle/generator-absorber and refrigeration cycle/evaporator-condenser has higher impact on reducing the performance. 61 Fathi et al. 62 studied the impact of irreversibility on solar absorption refrigerator by using four reservoir models; each of them has internal and external irreversibilities operated at the maximum cooling load. They compared their modeling results with single-stage system using semi-empirical model. Their results show that both models predict similar values of COP. Table 2 summarizes the performance of the solar cooling system using LiBr-H 2 O as an absorption chiller under different climate and operation conditions and different parameters.
Several studies have investigated the thermal and the economical assessment of solar cooling absorption system in several regions. Marc et al. 68 presented an experimental study of a solar cooling absorption system implemented in Reunion Island, located in the southern hemisphere near the Capricorn Tropic. Indoor thermal comfort is achieved by a self-stabilizing operating system that maintains the indoor temperature 6°C below the outdoor temperature. Assilzadeh et al. 55 designed solar cooling system suitable for Malaysia and similar tropical regions using evacuated tube solar collectors and LiBr absorption unit. TRNSYS is used to simulate the absorption solar cooling system for weather data for Malaysia. A continuous operation is achieved by utilizing a 0.8-m 3 hot water storage tank. They found that the optimum system for Malaysia's climate for a 3.5-kW (1 refrigeration ton) system consists of 35-m and Pietruschka 25 presented a full simulation model for absorption cooling systems, combined with a stratified storage tank, steady-state or dynamic collector model, and hourly resolved building loads for several locations in Europe. They found that the control strategy, recooling temperature levels, location, and cooling load time series have a strong influence on the solar thermal system design and performance. Their results showed that between 1.7 and 3.6 m 2 of vacuum tube collectors per kilowatts cooling load are required to cover 80% of the cooling load. Their cost analysis showed that Southern European has significantly lower costs. For long operation hours, cooling costs are estimated to be around 200 and about 280 e MW/h for buildings with lower internal gains and shorter cooling periods, respectively. For a Southern German climate, the costs are more than double. Ghaddar et al. 69 developed a simulation program for modeling and performance evaluation of the solar-operated lithium bromide absorption system for all possible climatic conditions of Beirut, Lebanon. The results indicated that a collector area of 23.3 m 2 with water storage tank capacity ranging from 1000 to 1500 L is required for each ton of refrigeration. Their economic assessment revealed that the solar cooling system is marginally competitive only when combined with domestic water heating. Tiago and Oliveira 31 evaluated the potential of integrated solar absorption cooling and heating systems for building applications for three different locations and climates: Berlin (Germany), Lisbon (Portugal), and Rome (Italy). Their results revealed that integrated solar absorption cooling and heating systems have potential to save total cost and CO 2 emission, and it is more attractive when natural gas is used as system backup energy. The energy performance depends on the building type and location. Jaruwongwittaya and Chen 70 found that solar-powered absorption chiller in Thailand can save electricity up to 7882 kW h/year/ton of refrigerant (TR), and this accounted for 98.56% of total electricity consumption of vapor compression system. Shekarchian et al. 71 investigated the annual energy required for cooling per unit area and the total energy cost per unit area for both vapor compression and absorption systems in different climates in Iran. Their results showed that using absorption chiller increases the energy consumption per unit area, but it decreases the energy cost per unit area of cooling. Furthermore, they showed that increasing the COP of absorption chiller by 0.1, at least $50 m 22 of energy cost saving can be achieved. Trygg and Amiri 72 revealed that by switching from conventional vapor compression chiller to heat-driven absorption chiller in a combined heat and power (CHP) system in Swedish municipality, the production cost of cooling can be reduced by 170%.
Economic feasibility
Economic viability and technological maturity are the main factors affecting the commercializing of cooling system. Economic viability depends on many factors such as the energy policy and guidelines, price of oil, and price of solar collector. High system cost is mainly due to high initial cost of solar collector and absorption chiller, and chiller technical problems. 21, 73 There are several measures to determine the economic feasibility of the solar cooling system. Payback period (Pb), net present value (NPV), present worth value, cost of unit energy, and cost of primary energy (PE) saved (C p,saved ) are the most economic indicators used. The Pb is given by 74 
Pb = log
The NPV is given by 74 
The cost of PE saved (C p,saved ) is given by 74 C p, saved = DC annual, sol PE saved ð31Þ
The present worth value, which is the indicator to the value of system today including the solar collector cost, heat rejection cost, operating cost, and machine cost, is given by
The annual cost comparison method is another economic indicator that includes the solar collector cost, heat rejection cost, operating cost, and machine cost and is given by
A study conducted in 2003 for cooling system according to Greece price and climate condition found that the Pb of absorption system exceeds the lifetime of system, but NPV is positive. 73 Boopathi Raja and Shanmugam 18 studied the cost of solar absorption cooling system. They found that the absorption system with LiBr-H 2 O as a working fluid is more reliable and economical under specific configurations and operational conditions; that is, flat plate with evacuated tube solar collectors, using only three electrical equipments (condenser fan, cooling coil fan, and a pump), minimal heat losses, and increasing vacuum pressure.
Up to now, solar cooling systems are more expensive than conventional cooling systems. To overcome this problem, researchers aim to improve system performance. Regression analysis method is used to increase the cooling system performance when constrained with limited budget. 30, 54 Regression analysis method considers relations between several important factors such as solar fraction, area and slope of solar collector, and volume of cold and hot storage tank. Gebreslassie et al. 75 used seven different types of solar collectors for ammonia absorption system using NH 3 /H 2 O under Barcelona, Spain, climatic conditions. Their work aimed to minimize the environmental impact and the total cost by using a bi-criteria mixed-integer nonlinear programming (MINLP). Tiago and Oliveira 31 designed a combined cooling and heating solar system with gas boiler backup or electrical compression backup. They conducted cost comparison study between conventional solution (gas boiler and electrical compression) and solar system for three different locations. The results vary from one location to another with varying backup and solar collector used. The results showed that the system in single-family house and hotel have a higher economic feasibility. Using vacuum tube collector outperforms the FPC in terms of space and cost.
Tsoutsos et al. 73 used a TRNSYS program to design the LiBr-H 2 O absorption cooling system in a Greek hospital. The aim of their study is to provide optimum sizing of system component to provide the heating and cooling demand. The main advantage of their system is high environmental benefit, but the investment has long Pb of 11.5 years. Mehr et al. 76 carried out thermoeconomic performance comparison between GAX absorption cycle and a hybrid GAX absorption cycle (HGAX). The HGAX differs from the GAX that it uses a compressor to raise the absorber pressure. The cycle's performance was optimized based on the exergy efficiency, COP, and the cost of unit product. Better performance and higher unit product cost for HGAX cycle were achieved compared to GAX. At the same operating conditions, the cost of the HGAX cycle was $180.5 GJ
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, while the cost of standard GAX cycle was $159.1 GJ
.
Adsorption solar cooling system
Adsorption solar cooling system is considered the second major system of thermal solar cooling. The work on adsorption solar cooling system started in 1980s where it began with ice making, then making chilled water, and ended up in air conditioning. The adsorption solar cooling is found very suitable for grain storage applications. 71, 72, 77 System efficiency depends on the range of temperature source 55°C-300°C and different adsorption working pairs. The cooling method, adsorption properties, and theories on adsorption cycle have been investigated to achieve high performance and low cost. 8, 78, 79 Similar to absorption system, adsorption system offers several advantages such as ability to work with wide range of driving temperature levels, noiseless operations, simple control, and absence of corrosion problem. [79] [80] [81] The long adsorption/desorption time, the size of the system, high cost of adsorption chillers, and low performance of the adsorption chiller prohibit significant commercial growth. This system differs from the absorption system in that they need two or more absorbers to provide continuous operation. 73 Furthermore, they need a well-designed solar collector and desorber with good heat release characteristics to achieve good efficiency. 82 Many adsorbent-refrigerant pairs have been used in cooling system such as activated carbon-ammonia, activated carbon fiber-methanol, activated carbonethanol, zeolite-water, silica gel-water, and calcium chloride-ammonia. 82, 83 Choosing the adsorbentrefrigerant pair is a crucial step in system design.
Several criteria have been considered when choosing the best refrigerant, such as low cost, low toxicity, large vaporization enthalpy, working pressure, low freezing temperature, chemical stability, and small molecular dimensions. Heat losses can be avoided by using refrigerants having large vaporization enthalpy. 84, 85 Activated carbon pairs are widely used because of their properties such as micro pure volume and high surface area.
Anyanwu and Ogueke 86 carried out a comparison study between three adsorption pairs and found that the adsorption system is considered poor thermal system. Using zeolite-water, COP is about 0.3 which is higher than COP of using activated carbon-methanol and activated carbon-ammonia. The silica gel-water is able to work at a temperature below 100°C, that is, 55°C-95°C with COP equal to 0.403. This refrigerant has no crystallization problem and no corrosion problem. The systems using silica gel-water do not require solution pump. 87, 88 System mechanism Solar adsorption systems are classified according to the cycle used: the intermittent cycle and continuous cycle. Despite their technically success of intermittent cycle, but its high cost limits their spread and will not be further discussed. On the other hand, continuous cycle system is widely used because of its ability to produce refrigeration and cooling. There are several technologies implementing adsorption continuous cycles, thermal wave adsorption technology, 89 convective thermal wave adsorption technology, 90 and multi-stage and cascading technology. 91, 92 The solar adsorption cooling consists mainly of solar collector array, heat storage tank, chillers, pumps, fan coil unit, cooling tower, and several valves as shown in Figure 2 (b). The chiller mechanism is explained in Alghoul et al., 84 Ge et al. 92 and Wang and Oliveira. 93 The adsorption chiller has been designed using one bed, two beds, or multi-beds. However, the adsorption chiller using two-bed configuration is the most widely used.
In the two-bed chiller system, evaporation and condensation of water in the hot and cold champers cause heat and pressure changes between two beds. This process has three phases consequently: (1) the adsorption/desorption phase, (2) the mass recovery phase, and (3) the heat recovery phase. Detailed descriptions of these phases are presented in Ge et al. 92 Figure 7 shows the schematic diagram of the two-bed adsorption chiller consisting of evaporator, condenser, valves, and two adsorption beds. The cycle of the system begins with refrigerant at adsorber 2 which is heated by solar energy and transferred to the condenser in order to reach the heating-desorption condensation state. Then, adsorber 1 which is connected to the evaporator is cooled to gather the adsorption refrigeration in it. The condensed liquid flows through the valve toward the evaporator to release adsorption refrigeration in it. The heater and cooler are used in this model as a pump in the circuit to drive thermal fluid.
Thermodynamics modeling of system component
Heat and mass transfer plays a crucial role in determining the performance of the adsorption cooling system. The increase in the performance of the adsorber heat will increase the total adsorber heat transfer coefficient and enhance the heat transfer rate between the heat media and the adsorbent. Increasing the performance of mass transfer will reduce the refrigerant diffusion time in adsorbent and shorten the adsorptiondesorption time. This leads to an improvement in the system solar cooling power (SCP). 85 
Adsorbent bed
The combination of the heat equation with the mass transfer balance in the adsorbent bed is given as 94 (
Evaporator and condenser Energy conservation equation of the condenser is given by
The mathematical model of energy balance inside the condenser is given under the thermodynamic condition of desorption beds and the difference between the evaporator and the condenser. The condenser energy balance is expressed as
The mass and heat transfer occurring between the adsorption bed and evaporator governed the evaporator energy balance. The evaporator energy balance is expressed as 95 (
Solar adsorption system application Adsorption cooling system is used for many purposes, that is, ice making and refrigeration and air conditioning.
Ice making. Maggio et al. 96 used solar adsorption system for application of ice making. They used the composite sorbent ''lithium chloride in silica gel pores.'' The theoretical COP was 0.33 and the maximum daily ice production was 20 kg/m 2 . These results obtained for ice maker used 36 kg of adsorbent material and equipped with a solar collector area of 1.5 m 2 . Li et al. 97 used two different working pairs: the activated carbon-ethanol and the activated carbon-methanol in solar ice maker. Their experimental results showed that the activated carbon-ethanol cannot be used in ice making, while the activated carbon-methanol was appropriate for ice making. Hildbrand et al. 98 used silica gel-water in their experimental setup. The system consists of cylindrical tubes used as a solar collector (flat-plate, 2-m 2 double glazed), an adsorber system, a condenser utilizing natural convection air-cooled, and 40 L of evaporator container. The COP values range between 0.10 and 0.25 with a mean value of 0.16. Vasta et al. 99 simulated an adsorptive ice maker that used active carbonmethanol as the working pair. The thermodynamics cycle was developed for all system components: adsorbent bed, solar collector, evaporator, and condenser. The simulation results showed that during all days of June, the ice maker is able to freeze 5 kg. During the months of February and March, the average monthly daily ice production is about 4 kg, while for January, November, and December the daily ice production was 2.0-3.5 kg. The average monthly solar COP varies from 0.045 in July to a maximum of 0.11 in January, with the annual mean COP of 0.07.
Refrigeration and air conditioning. Solar adsorption refrigeration systems are used to meet the needs for refrigeration requirements. Al Mers et al. 100 modeled a solar adsorption refrigerator. The model describes the mass and heat transfer in the cylindrical finned reactor. Giving the meteorological data as boundary conditions on the reactor, the model predicted COP of about 0.105. The model was validated with the experimental results. Louajari et al. 101 studied the effect of a cylindrical adsorber on the solar adsorption refrigerating system performance. The solar energy was used to heat the adsorber that contains an activated carbon-ammonia pair. The adsorber was composed of many cylindrical tubes with external fins. It was found that the mass cycled in the adsorber equipped with external fins is more significant than the adsorber without fins. The optimal diameter of the adsorber with fins is greater than the adsorber without fins. The maximal temperature reached in the adsorber with fins is around 97°C while in the adsorber without fins reached 77°C. AbuHamdeh et al. 102 developed adsorption refrigeration model driven by PTC and uses olive waste as adsorbent with methanol as adsorbate. The system was designed and employed as a cooler unit and refrigerator that is suitable for remote areas. This was used to power the system. System performance was calculated in the form of COP, cooling production, COP. They used statistical and experimental methods to achieve the optimum parameters. It was found that the lowest temperature in the refrigerated space was 4°C and the equivalent ambient temperature was 27°C, and COP equals 0.75.
System efficiency
High COP and SCP can be achieved by increasing heat and mass recovery and by developing multi-stage and multi-bed technologies. Yong and Sumathy 95 classified the mathematical models used in the heat and mass transfer analysis process in the adsorption bed into three models: the lumped parameter model, heat and mass transfer model, and thermodynamic model. The lumped model focuses on the adsorbent bed without considering the bed geometry and expressed mathematically by ordinary differential equations. The heat and mass transfer model focuses on the energy analysis, expressed by partial differential equation. This model allows investigating the effect of different operating and geometric parameters on the COP. The thermodynamic model is used to study the impact of heat transfer and temperature on the COP of the system and is given by algebraic equation.
The general equation used to calculate the COP of adsorption cooling system is
Equation (25) shows that the COP depends on three parameters: evaporating temperature T e , generating temperature T g , and ambient temperature T a . Liu and Leong 103,104 studied the effect of operating condition such as heat exchanger fluid velocity; adsorption temperature T ad , T g , T c , and T e ; and heat exchanger fluid temperature T h,in on the performance of adsorption cooling system using zeolite 13X/water. They considered the limitation of mass and heat transfer. They found that the T ad , T g , T c , and T e have a significant effect on system performance, T ad and T g have an optimal value, the fluid velocity has positive effect on optimal cooling power, and T h,in has no effect on system performance. No large changes in pressure during the heat and mass recovery in absorber were found. 92 The COP can be increased by decreasing the cold water inlet temperature to bed and increasing flow velocity. The inlet hot water temperature has an optimal value to achieve the highest COP. Furthermore, it was found that heat recovery can improve the COP of the system, while mass recovery can improve both the COP and cooling capacity. [104] [105] [106] It was found that the system performance increases with increasing adsorbent mass. 107 The main reasons behind lower values of COP and SCP are heat losses from adsorber during cooling cycle and non-adsorbing mass. To minimize these problems, Lambert 108 modified the absorption cooling system by (a) magnifying the contact area between adsorbent material and heat exchanger and (b) reducing the thickness of effective adsorption to parts of millimeter to overcome the low conductivity. Improved thermal conductivity of the adsorption bed reduced the time required to conduct heat from the outside to the inside bed which leads to higher heat transfer rate. Using ripped plate has a higher heat transfer performance compared to the plate adsorption bed. This is due to the ability of ripped bed to reduce heat losses and distribute heat inside bed. It was found that using thin tube has a higher performance than the performance tubular adsorption bed. 109 The design of adsorption bed usually utilizes fins to reduce the heat resistance between the metal and adsorbent materials and enhance the heat transfer. 94 In order to optimize the performance of system, Khattab 105, 110 added a small piece of blackened steel to the charcoal-methanol solid adsorption pair and covered the bed of glass shell. These additives enhanced the heat transfer inside the sorption bed and increased the COP from 0.146 to 0.1558 and bed efficiency from 55.2% to 58.5%.
Louajari et al. 101 studied the effect of the cylindrical absorber geometric shape (tube diameter and external fins length) on the performance of the cooling system using activated carbon-ammonia pairs.
Mass recovery phase plays an important role in system performance; an investigation of this phase is conducted by Khattab 110 using three-bed silica gel adsorption chiller. They found that the cooling production of the system with mass recovery chiller is higher than that without mass recovery when the temperature of heat source ranges between 60°C and 90°C. Luo et al. 111 used heat and mass recovery phase in silica gel adsorption chiller operating out-of-phase to improve efficiency and allow continuous cooling production. They incorporated methanol evaporator into two water evaporators by using the gravity heat pipe concept. Increasing the mass flow rate of cooling water through condenser increases the COP and specific cooling power SCP 110, 111 (Table 3) .
Economic feasibility
Solar systems have a high initial cost and low operational cost. The economic feasibility was investigated by considering the Pb, the NPV, energy saving, and operation and maintenance cost. Tsoutsos et al. 73 found that the NPV of cooling system is negative and the Pb of the system exceeds the lifetime according to Greece prices in 2003. The initial cost of the adsorption system is high compared to the conventional system. However, adsorption system is still attractive due to the fact that conventional system has running cost of fossil fuel, electricity transmission cost, energy conversion cost, and system maintenance cost. The adsorption pairs such as zeolite-water and activated carbonmethanol are very expensive and prevent market growth despite their technical success. An increase in the geometrical construction such as width pipe increases the cost; on the other hand, simplified or reduced construction will reduce the cost. 77, 112 Chang et al. 83 used a vacuum tank containing evaporator condenser and adsorption bed to reduce the manufacturing cost and achieve high efficiency.
Conclusion
Solar thermal cooling method received significant interest in recent years. Utilizing solar cooling not only reduces electricity consumption but also reduces gas emission from fossil fuels and eliminates the harm effect of CFC and HCFC refrigerants. Solar cooling is a promising technology because solar radiation is in phase with the demand for cooling. This review article focuses on the recent developments in absorption and adsorption solar cooling systems. Detailed thermal analysis and economic assessment are provided.
Absorption method works in closed cycle and uses different liquid sorbents, but the most common refrigerant used is the LiBr-water pair. The highest COP achieved is 0.8 while the conventional cooling system can reach up to 3. However, absorption has the highest COP compared to other solar cooling technologies. The performance of the absorption cooling system depends on the heat and mass transfer, number of stages, number of beds, type of solar collector, cooling load schedule, control strategy, and capacity of the thermal storage. The high initial cost and low efficiency have motivated large number of studies aimed to overcome these drawbacks. The system efficiency can be improved by using high-temperature solar receiver, double-effect chiller, advanced control, and improved chiller efficiency.
Adsorption method works in closed cycle and uses different solid adsorption-desorption pairs. The performance of system depends mainly on the type of adsorption-desorption pairs, source temperature, adsorption chiller design, and operating condition. The long adsorption/desorption time, the size of the system, high cost of adsorption chillers, and low performance of the adsorption chiller prohibit significant commercial growth. The COP has reached 0.45 which is considered very low compared with any other cooling system. High COP and SCP can be achieved by increasing heat and mass recovery and by developing multi-stage, multi-bed technologies, and optimization operating conditions.
Up to now, the Pb of both the solar absorption and adsorption system exceeds the lifetime in large parts of the world. Hence, it is necessary to improve the performance of these systems. Absorption system has the highest market penetration among the solar cooling technology. The absorption chillers equipped with thermal energy storage system can provide cost-effective technical feasible solution for space cooling. The economic assessment revealed that the solar cooling system can be competitive only when using as double-purpose systems (heating and cooling systems) which have more COP than single-purpose systems. Finally, parabolic trough concentrators can significantly increase the solar cooling efficiency. 
